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Abstract
We determined changes in the volume and adiabatic compressibility of large multi- and unilamellar vesicles composed of
dimyristoylphosphatidylcholine containing various concentrations of the antimicrobial peptide gramicidin S (GS) by
applying densitometry and sound velocimetry. Gramicidin S incorporation was found to progressively decrease the phase
transition temperature of DMPC vesicles as well as to decrease the degree of cooperativity of the main phase transition and
to increase the volume compressibility of the vesicles. GS probably enhanced thermal fluctuations at the region of main phase
transition and provide more freedom of rotational movement for the phospholipid hydrocarbon chains. The ability of GS to
increase the membrane compressibility and to decrease the phase transition temperature is evidence for regions of distorted
membrane structure around incorporated gramicidin S molecules. At relatively high GS concentration (10 mol%), more
significant changes of specific volume and compressibility appear. This might suggest changes in the integrity of the lipid
bilayer upon interaction with high concentrations of GS. ß 2001 Elsevier Science B.V. All rights reserved.
Keywords: Gramicidin S; Phosphatidylcholine bilayer; Antimicrobial peptide; Lipid^peptide interaction; Densitometry; Sound veloc-
imetry; Volume compressibility
1. Introduction
The antimicrobial peptide gramicidin S (GS) is a
cyclic decapeptide ¢rst isolated from Bacillus brevis
[1]. This peptide exhibits appreciable antibiotic activ-
ity against a broad spectrum of Gram-negative and
Gram-positive bacteria as well as against several
pathogenic fungi [2,3]. In aqueous solution GS forms
an amphiphilic, two-stranded, antiparallel L-sheet
structure [2] (Fig. 1). In general, the antimicrobial
activity of GS analogs increases with the degree of
hydrophobicity and amphiphilicity of the peptide up
to some optimal value [3]. However, GS is rather
nonspeci¢c in its action and exhibits appreciable he-
molytic as well as antimicrobial activity [4^6]. The
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therapeutic utilization of GS has therefore been lim-
ited to topical applications [5]. A major aim of cur-
rent studies on the interaction of GS with lipid model
and biological membranes is to provide fundamental
knowledge of the mechanism of action of this peptide
on lipid bilayers. This will support the design of GS
analogs with enhanced activity for bacterial mem-
branes and diminished activity against the plasma
membranes of human and animal cells [3,7].
Considerably evidence exists that the primary tar-
get of GS is the lipid bilayer of cell surface mem-
branes and that this peptide kills cells by destroying
the structural integrity of the lipid bilayer [8]. GS
partitions strongly into liquid-crystalline lipid bi-
layers in both model and biological membranes and
seems to be located primarily in the glycerol back-
bone region below the polar headgroup and above
the hydrocarbon chains [9]. In addition, GS binds
more strongly to negatively charged lipids [9,10]
than to zwitterionic or uncharged phospho- and gly-
colipids [11]. Furthermore, its interaction with phos-
pholipid bilayers is attenuated by cholesterol [12].
The presence of GS appears to perturb lipid packing
in the liquid-crystalline state and to enhance the non-
lamellar phase-forming propensities of certain lipid
classes, resulting in the formation of inverted cubic
phases in single lipids systems [13] as well as complex
lipid extracts of Escherichia coli and Acholeplasma
laidlawii [13,14]. Furthermore, at lower concentra-
tions, GS increases the permeability of model and
biological membranes and at higher concentrations
causes membrane destabilization [2,9,15]. A recent
review on the interaction of GS with lipid bilayer
model and with biological membranes was published
by McElhaney and coworkers [9].
Since GS interacts strongly with lipid bilayers and
alters many of their physical properties [9], we would
expect that GS should also induce changes in the
dynamics and mechanical properties of lipid model
and biological membranes. This assumption is based
on previously reported results by Strom-Jensen et al.
[16], who showed changes of the membrane dynamics
of DMPC/DMPG vesicles following interaction with
gramicidin A by measuring the absorption of ultra-
sound in a broad range of frequencies. Furthermore,
Hianik et al. [17] showed that short analogs of the
adrenocorticotropic hormone peptide (ACTH24)
changed the adiabatic compressibility of PC vesicles.
We can therefore expect that methods based on mo-
lecular acoustics could provide new insight on the
mechanisms of interaction of GS with bilayer lipid
membranes. In this work we studied the changes of
density and sound velocity of multilamellar and uni-
lamellar vesicles composed of DMPC containing var-
ious concentrations of GS upon heating through the
phase transitions of the lipids and at di¡erent con-
tents of GS.
2. Materials and methods
2.1. Chemicals and preparation of vesicles
DMPC was purchased from Sigma (St. Louis,
MO) and used without further puri¢cation. Grami-
cidin S was obtained from Sigma, dissolved in pure
ethanol and stored at 320‡C. In order to remove
Fig. 1. Structure and conformation of GS. The upper panel is a
view of the GS molecule perpendicular to the plane of the ring,
illustrating the peptide backbone structure and the positions of
the hydrogen bonds in the antiparallel L-sheet region. The low-
er panel is a view of the GS molecule in the plane of the ring,
indicating the disposition in space of the hydrophobic Val and
Leu residues (top) and the basic Orn residues (bottom) relative
to the peptide ring. Adapted from [10].
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traces of water from DMPC, the samples were dried
in vacuo at 90‡C until constant weight was achieved
(typically 3 h) [18]. Then the lipid was dissolved in
chloroform/methanol (3:1, v/v) and mixed with ap-
propriate amounts of peptide stock solution. These
solutions were dried under N2 and the lipid/peptide
¢lms were exposed to high vacuum for 3 h. The GS-
containing MLVs were prepared by vortexing in an
excess of double distilled water at temperature above
the main phase transition temperature of the phos-
pholipid. The GS-containing ULVs were prepared by
the extrusion method of MacDonald et al. [19] using
a LiposoFast-Basic Extruder (Avestin, Canada) and
polycarbonate ¢lters with pores of 100 nm in diam-
eter. It has been shown that the average diameter of
ULVs prepared at these conditions is V100 nm [19].
Prior to measurements the aqueous vesicle suspen-
sion was degassed using a water vacuum pump.
The lipid concentration for both preparations was
5 mg/ml.
2.2. Sound velocimetry
The measurement of ultrasound velocity allows us
to evaluate the elastic properties of aqueous media
and suspensions such as vesicles [20,21], lipoproteins
[22] or cell surface proteins [23] based on a simple
relationship:
L S  1=bu2 1
Whereby LS, b, and u are the adiabatic compressibil-
ity, the density, and the sound velocity of the sus-
pension, respectively. Thus, by measuring the
changes of sound velocity and density, one can de-
termine the changes of adiabatic compressibility [24].
Ultrasound velocity was measured using a ¢xed-
path di¡erential velocimeter consisting of two almost
identical acoustic cavity resonators [25] operated at
frequencies X around 7.2 MHz. The resonance fre-
quencies and the width of the resonance peaks of the
cells were measured with the aid of a computer-con-
trolled phase-sensitive feedback circuit. The sample
volume was 0.7 ml. The resonator cells were
equipped with magnetic stirrers to ensure homogene-
ously dispersed samples during the measurements.
One resonator contained the vesicle solution whereas
the other one was ¢lled with the reference liquid
(double-distilled water). When starting a series of
measurements, the resonance frequencies of the res-
onators were always ¢rst compared with one another
by ¢lling both cells with the reference liquid. As the
intensity of the sonic signal was small throughout
(the pressure amplitude in the ultrasonic wave was
less than 103 Pa), any e¡ects of the sound wave on
the structural properties of the vesicles were avoided.
In general, ultrasonic velocimetry allows the determi-
nation of the sound velocity [u] and the absorption
per unit wavelength [KV], or rather their concentra-
tion increments [26], respectively, as de¢ned by the
equations:
u  u3u0=u0c 2
KV   KV3KV 0=c 3
whereby c is the solute concentration in mg/ml and
the subscript 0 refers to the solvent (distilled water).
The value [u] can be directly determined from the
changes of resonance frequencies f, f0 of the resona-
tors (f is resonance frequency of the sample and f0
that of the reference ^ distilled water):
u  u3u0=u0c  f3f 0=f 0c 1 Q  4
(the coe⁄cient QI1 [27] and can be neglected in the
calculations). The changes in sound absorption per
unit wavelength are determined by the equation:
vKV  KV3K 0V 0  6 N f =f  5
where Nf is the half-power width of a resonator peak
and 6 the calibration coe⁄cient. For an ideal reso-
nator, when the peak is measured at the half power
level, 6=Z. For real systems the value of 6 has to be
determined by calibration, which was performed by
using a 0.1 M MnSO4 solution of known ultrasonic
absorption [28].
2.3. Density measurements
A high precision densitometric system (DMA 60
with two DMA 602 M sample chambers, Anton
Paar, Graz, Austria) operating according to the vi-
brating tube principle [29] has been used to deter-
mine the density b of the vesicle solution. Apparent
speci¢c partial volumes BV have been calculated from
the density data using the relation
BV  13b3b 0=c=b 0  1=b 03b  6
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whereby the subscript 0 again refers to the solvent
and [b] = (b3b0)/(b0c) denotes the concentration in-
crement of density.
2.4. Experimental errors
The uncertainty in the concentration of the phos-
pholipid suspensions was smaller then 0.25%. The
temperature of the cells was controlled to within
0.02‡C with a Lauda RK 8 CS ultra-thermostat
(Lauda, Germany). The accuracy of determination
of the sound velocity increment, [u], and the speci¢c
partial volume, BV, was better then 1033 ml/g. The
accuracy of the determination of the density was
better then 1033 g/ml. Each series of measurements
was performed at least three times.
3. Results and discussion
3.1. Mechanics and thermodynamic characteristics of
unmodi¢ed vesicles
Sound velocimetry and densitometry are sensitive
tools to study the mechanics and thermodynamics of
biocolloids. These methods, if used simultaneously to
study peculiarities of the phase transition of lipid
bilayer, allow one to determine the phase transition
temperature and the degree of phase transition coop-
erativity. In addition to the thermodynamic proper-
ties of the lipid phase transition obtained by di¡er-
ential scanning calorimetry (DSC), these methods
allow one to study the mechanical properties of lipid
bilayer membranes. This advantage is most useful in
the study protein^lipid interactions, since the deter-
mination of mechanical parameters is crucial for an
evaluation of the size of distorted membrane struc-
ture around proteins [30]. The basic values of the
parameters usually determined in sound velocity
and density experiments are shown in Fig. 2 for sus-
pensions of LUVs composed of DMPC as a function
of temperature and in the range of the phase transi-
tion temperature (TmV24‡C).
The characteristic peculiarity of the concentration
increment of sound velocity, [u], is its sharp mini-
mum at the Tm (Fig. 2a, curve 1). At temperatures
below the Tm of DMPC, (i.e., T6 24‡C), the value of
[u] slowly decreases with increasing temperature,
whereas an increase of [u] is characteristic for higher
temperature regions above the Tm. This characteris-
tic shape of the plot of [u] versus temperature was
described in a number of publications dealing with
Fig. 2. Temperature dependence of the concentration increment
of sound velocity, [u], (panel a) (1), apparent speci¢c partial
compressibility BK/L0 (2); (panel b) density (1), speci¢c volume
(2); (panel c) concentration increment of absorption, [KV] for
LUVs composed of DMPC. The arrow indicates the phase
transition temperature.
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sound velocimetry studies of phase transitions in
vesicle suspensions composed of saturated PCs (see,
e.g., [20,31,32]). The nature of the minimum in the
plot of [u] versus temperature can be explained as
follows. According to [33], the adiabatic compressi-
bility, LS (see Eq. 1), is related to the isothermal
compressibility, UT, and the heat capacities, cV and
cP, at constant volume and constant pressure:
L S  L TcV=cP; 7
so that
u  cP=cVb L T 1=2 8
Hence, the minimum in the [u] value re£ects the ef-
fects from both the increasing heat capacity, cP, [34]
and isothermal compressibility, LT, upon approach-
ing the Tm. The value LT is an additional parameter
compared to the Tm conventionally used in DSC.
Absorption of ultrasound is characterized by a
maximum at the Tm [35]. This is shown in Fig. 2b,
where the value of [KV] is plotted as a function of
temperature for LUVs composed of DMPC. The in-
creased absorption per unit wavelength at the phase
transition region is related to enhanced thermal £uc-
tuations in the membrane. In this respect, the ab-
sorption of ultrasound is analogous to the increase
of heat capacity as measured by DSC (see, e.g., [30])
in vesicle suspensions.
According to Eq. 1, in order to calculate the co-
e⁄cient of adiabatic compressibility, LS, it is neces-
sary to determine the density of the vesicle solution,
b, and consequently the speci¢c volume, BV (see Eq.
6). In the case of phospholipids this parameter
changes considerably at the Tm. The value of BV,
as well as the behavior of its plot versus temperature,
provides important information about the nature of
the lipid phase transition of membranes, e.g., degree
of cooperativity and expansion coe⁄cient (see below)
[18]. The typical plot of density, b, and speci¢c vol-
ume, BV, for LUVs composed of DMPC is presented
in Fig. 2c, curves 1 and 2, respectively. We can see
that density monotonically decreases, while speci¢c
volume increases with increasing temperature.
The determination of the speci¢c volume in addi-
tion to the sound velocity concentration increment
allowed the estimation of changes of the speci¢c
adiabatic compressibility, BK/L0, of the vesicles dur-
ing the phase transition, which is based on the fol-
lowing equation:
BK=L 0  32u31=b 0  2BV 9
whereby L0 is the coe⁄cient of adiabatic compressi-
bility and b0 is the density of the bu¡er [25]. The
value of BK/L0 indicates changes of the volume com-
pressibility of the vesicles relative to the bu¡er. The
plot of BK/L0 as a function of temperature for LUVs
composed of DMPC is presented in Fig. 2a, curve 2.
We can see that below the phase transition temper-
ature, the value of BK/L0 monotonically increases
with temperature, reaches a maximum at Tm, and
then decreases at Ts 24‡C. This is in agreement
with previously reports [20] and can be explained
as follows. The apparent speci¢c compressibility
can be expressed as:
BK=L 0  BV  L S 10
where [LS] = (LS3LS0)/(LS0c) is the concentration in-
crement of the adiabatic compressibility (see [20]).
Thus, the increase of the BK/L0 value in the phase
transition region is related both to an increasing spe-
ci¢c volume, BV, and an increase of LS. Quite re-
markably, BK/L0 decreases when going from 25‡C,
slightly above Tm, to 30‡C. In this temperature range
BV increases (see Fig. 2b, curve 2). We therefore
conclude that the decreasing BK/L0 values result
from a decrease in LS. The heat capacity, cp, also
decreases in this temperature range. According to
Eq. 7, the temperature dependence in the BK/L0
data above Tm thus seems to re£ect the isothermal
compressibility of lipid bilayers, which is related to
the volume £uctuations of the samples [36] and
which decreases with T (see also [20]).
L T  1V
DV
D p
 
T  V
23V2
VRT
11
Here R denotes the gas constant.
From results presented above, it is evident that
sound velocimetry and densitometry measurements
provide important information about mechanics
and thermodynamics of phase transitions of lipid
vesicles. These methods allow the characterization
of physical properties of vesicles in more detail
then, for example, traditional methods like DSC,
by also providing information about the compressi-
bility of the membrane. Additional advantages of the
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sound velocimetry method, in comparison with so-
called microscopic methods like ESR, NMR or £uo-
rescence spectroscopy, is that the compressibility of
the membrane derived from this technique is a mac-
roscopic parameter, i.e., changes of membrane me-
chanics caused, for example, by the interaction of
proteins, which as a rule in£uence large regions of
lipid membrane [29].
Usually two sets of vesicles are used in study of
protein-lipid interactions, unilamellar and multila-
mellar. It is known that the phase transition in
MLVs is accompanied by sharper changes of ther-
modynamic parameters due to the increased cooper-
ativity of the phase transition (see, e.g., [10]). This
e¡ect has been demonstrated also in sound velocim-
etry study of MLVs [31]. The speci¢c volume of
phospholipids, however, does not substantially di¡er
for uni- and multilamellar vesicles [18]. Since in our
work we used both LUVs and MLVs, it is interesting
to compare their mechanical properties. The plot of
sound velocity increment, [u], as a function of tem-
perature for LUVs (curve 1) and MLVs (curve 2) of
DMPC is presented in Fig. 3a. We can see that for
MLVs the changes of [u] at phase transition region
are sharper then that for LUVs. Analogous results
have been reported previously on vesicles composed
of dipalmitoylphosphatidylcholine [31]. Using the
speci¢c volume as derived from density measure-
ments, we also determined the speci¢c adiabatic com-
pressibility for LUVs and MLVs. However, the den-
sity measurement have been performed only on
LUVs since the experimental set up did not allow
stirring of the solution and it was therefore impossi-
ble to avoid sedimentation of MLVs, which in turn
could in£uence the accuracy in the density determi-
nation. However, as mentioned above, the apparent
speci¢c volumes of water suspensions of multilamel-
lar [18] and unilamellar vesicles [20] are not signi¢-
cantly di¡erent. The plot of the values BK/L0 as a
function of temperature for LUVs (curve 1) and
MLVs (curve 2) is shown in Fig. 3b. We can see
that both functions have a similar shape, but the
MLVs are characterized by lower values of apparent
speci¢c compressibility at the temperature range
T6 28‡C, while at T = 28‡C the adiabatic compressi-
bility of both MLVs and ULVs is practically identi-
cal.
Two contributions could principally be involved in
the above-mentioned di¡erences of vesicle compres-
sibility: asymmetry of inner and outer monolayers of
LUVs and hydration e¡ects. The LUVs used in our
work are su⁄ciently large (diameter V100 nm) to
avoid signi¢cant e¡ects on bilayer ordering arising
from asymmetry of inner and outer monolayers
and this should consequently not in£uence the com-
pressibility. Thus, the hydration e¡ect is probably the
main reason for the observed di¡erences in adiabatic
compressibility and can be represented as a sum of
two terms at low vesicle concentrations
BK=L 0  BK=L 0V  v BK=L 0H 12
where (BK/L0)V is the apparent adiabatic compressi-
bility of the parts of vesicles, which are inaccessible
for the surrounding water molecules, and v(BK/L0)H
is the hydration term determined by the change of
the water density in the hydration shell of the solute.
The value (BK/L0)V is positive, while the hydration
Fig. 3. (a) Plot of the concentration increment of sound veloc-
ity, [u]. (b) Apparent speci¢c compressibility, BK/L0, as a func-
tion of temperature for LUVs (1) and MLVs (2) composed of
DMPC.
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contribution v(BK/L0)H is negative at T = 20‡C
[22,25]. With increasing temperature the compressi-
bility of the hydrated shell increases. Thus, the hy-
dration term considerably modi¢es the adiabatic
compressibility of the solution. This contribution is
even negative at lower temperatures. This means the
adiabatic compressibility of the hydrated shell is low-
er than that of the surrounding solvent (unbounded
water). Therefore the resulting overall compressibil-
ity of vesicles will depend on the degree of hydration
of the lipid bilayer which is obviously higher for
MLVs then for ULVs at the same phospholipid con-
centration. At higher temperatures, the compressibil-
ity of hydrated shell increases and becomes compa-
rable with the compressibility of the solvent.
Therefore, at these temperatures we should not ex-
pect di¡erences between the adiabatic compressibility
of MLVs and LUVs. At our experimental conditions
this holds for T = 28‡C (see Fig. 3b).
3.2. Mechanics and thermodynamic characteristics of
vesicles modi¢ed by gramicidin S
Fig. 4 illustrates the concentration increment of
the sound velocity, [u], of MLVs composed of
DMPC and di¡erent molar ratios of DMPC-GS as
a function of temperature between 19‡C and 28‡C.
We can see that, except for the highest GS content
(10 mol%), the curves have similar shapes. At tem-
peratures below the Tm of DMPC, (i.e., T6 24‡C),
the value of [u] slowly decreases with increasing tem-
perature. A sharp decrease of [u] and a local mini-
mum is observed around the chain-melting temper-
ature of the phospholipid, whereas an increase of [u]
is characteristic for higher temperature regions above
the Tm [31]. For higher contents of GS, the local
minimum is more pronounced and shifted toward
lower temperatures. As discussed above, the mini-
mum in the [u] value re£ects the e¡ects from both
the increasing heat capacity, cP, and isothermal com-
pressibility, LT, upon approaching the Tm. We can
also see in Fig. 4 that an increase in the GS content
results in a lower [u] value and that the Tm also shifts
toward lower temperatures. Fig. 5 illustrates a com-
parison of these parameters in more detail. Curve 1 is
a plot of the Tm derived from the minimal value of
[u] (i.e., at region of main phase transition) and curve
2 describes calorimetric data published previously
[10] as a function of GS concentration. We can see
that there is quite a good correlation between these
two independent techniques in the measured decrease
of the Tm with increasing GS content. In addition,
we also observed an increase of the value of the
sound absorption per unit wavelength and a shift
of the absorption maximum toward lower tempera-
tures with increased GS content (results not shown).
We want to stress that the calorimetric measurements
illustrate the changes in the heat capacity of the sys-
tem, whereas the sound velocimetry data will be in-
£uenced in addition by compressibility parameters.
The decrease of the [u] value with increasing GS
content clearly indicates an increase of the adiabatic
Fig. 5. Dependence of the temperature of main transition, Tm,
of DMPC/GS MLVs on concentration of GS determined from
the minimum of [u] value (curve 1) and from DSC experiments
(curve 2). Curve 2 was plotted using the data published in [11].
Fig. 4. Concentration increment of sound velocity [u] versus
temperature for aqueous suspension of MLVs from DMPC
with di¡erent lipid/peptide molar ratios: a, 1:0; E, 1:50; F,
1:25; b, 1:10.
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compressibility of the vesicles, suggesting a decrease
in lipid bilayer order. The classi¢cation of mem-
brane-associated proteins into three classes was sug-
gested by Papahadjopoulos [37] and McElhaney [38].
GS was suggested to belong to class II and thus
being located near the interface whereby it decreases
the temperature, enthalpy and cooperativity of the
main phase transition moderately (for a detailed dis-
cussion, see [10]).
The measurement of the density is crucial for the
determination of the speci¢c volume of the mem-
brane and thus for evaluation of the speci¢c adia-
batic compressibility (see Eq. 9). In addition, as dem-
onstrated earlier (see, e.g., [18]), from the plot of the
speci¢c volume versus temperature we can estimate
the degree of cooperativity of the membrane phase
transition and expansion coe⁄cient of lipid bilayer
which should be a¡ected by GS. The density of the
vesicle suspension of DMPC and samples containing
di¡erent concentration of gramicidin S decreases
with increasing temperature as shown in Fig. 6.
This density decrease is related to an increased vol-
ume of the phospholipids. Using Eq. 6, we calculated
the apparent speci¢c partial volume, BV, of the
DMPC/water system and plotted it as a function of
temperature. From this plot, presented in Fig. 7, we
can see that the value of BV generally increases with
temperature as expected in all cases. However, BV
exhibits a more rapid increase of V3% over the tem-
perature interval near the Tm, indicating an increase
in the volume of the phospholipid molecules from
1.069 nm3 at T6Tm to 1.101 nm3 at TsTm. The
overall shapes of the BV versus temperature plots are
similar, except that at the highest GS concentration a
shift of the Tm toward lower values is observed (Fig.
7).
In order to analyze the peculiarities of the value
BV, we plotted its change as a function of temper-
ature vBV = (BV)T3(BV)15, where (BV)T and (BV)15
are the apparent speci¢c volumes of vesicles at cer-
tain temperature from the starting value of 15‡C,
respectively. Several parameters can be derived
from the plot of vBV versus temperature (Fig. 8):
the temperature of the main transition, Tm, its tran-
Fig. 8. Plot of the changes of apparent speci¢c partial volume
vBV (vBV = (BV)T3(BV)15, where (BV)T and (BV)15 are the ap-
parent speci¢c volumes of vesicle at certain temperature and at
15‡C, respectively) versus temperature for aqueous suspension
of MLVs of DMPC with di¡erent lipid/peptide molar ratios:
a, 1:0; O, 1:100; E, 1:50; F, 1:25; b, 1:10.
Fig. 7. Plot of apparent speci¢c partial volume BV versus tem-
perature for aqueous suspension of MLVs from DMPC with
di¡erent lipid/peptide molar ratios: a, 1:0; O, 1:100; E, 1:50;
b, 1:10.
Fig. 6. Plot of density, b, versus temperature for aqueous sus-
pension of MLVs from DMPC with di¡erent lipid/peptide mo-
lar ratios: a, 1:0; R, 1:100; E, 1:50; b, 1:10.
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sition half-width, vTm, volume changes at this tem-
perature, vBV, and the expansion coe⁄cient, KM, at
the main transition temperature (see [18] for more
details). These parameters are summarized in Table
1. In addition to a decrease of the Tm, the width of
phase transition region increases with increasing GS
concentration (see also [10]). The expansion coe⁄-
cient at the main transition has also clear tendency
to decrease with increasing GS content, which is also
evidence for a decrease in cooperativity of the phase
transition in the presence of GS.
It is interesting to compare the results presented in
Table 1 for pure DMPC MLVs with that obtained
on MLVs of the same lipid composition reported in
[18]. The volume change at the main transition has
been found BV = 2700U1035 ml/g for MLVs of
DMPC [18]. A similar value of 2720U1035 ml/g
has been obtained in our experiments with LUVs.
However, di¡erences can be found by comparing
the expansion coe⁄cient values KM at the main tran-
sition region. This value for MLVs of 9000U1035
ml/g deg [18]) is considerably higher than that for
LUVs obtained in our work (1786U1035 ml/g deg).
This comparison of the relative cooperativities of the
phase transition in multi- and unilamellar vesicle
properties indicates that the phase transition is
more cooperative in multilamellar vesicles, i.e., the
volume changes are more sharp in the transition re-
gion compared to LUVs, as found previously [18,20].
The determination of the speci¢c volume in addi-
tion to the sound velocity concentration increment
allowed the estimation of changes of the speci¢c
adiabatic compressibility, BK/L0, of the vesicles dur-
ing the phase transition and as a function of the GS
content (see Eq. 9). The plot of BK/L0 as a function
of temperature for MLVs of di¡erent GS content is
presented in Fig. 9. The shape of the curves pre-
sented are similar for relatively low GS content (be-
low 4 mol%) and are in agreement with previously
reported results for pure DMPC unilamellar vesicles
[20]. The physical nature of the shape of the plot
BK/L0, versus temperature for unmodi¢ed DMPC
vesicles was discussed above. The shape of this de-
pendence is similar for vesicles modi¢ed by GS; how-
ever a more pronounced decrease of the adiabatic
compressibility in the high temperature region of
the 10 mol% GS sample is evident. From Fig. 9 there
is also evidence for increased adiabatic compressibil-
ity at relatively low GS concentrations (below 10
mol%), since the adiabatic compressibility in the
low temperature region is still higher than that for
pure DMPC; however, it does not signi¢cantly di¡er
from that for 2 mol% GS. In the high temperature
region (Ts 25‡C), adiabatic compressibility for sam-
ples containing 10 mol% of GS is even lower com-
pared to pure DMPC. This e¡ect might be caused by
Fig. 9. Plot of apparent speci¢c partial compressibility BK/L0
versus temperature for aqueous suspension of MLVs of DMPC
with di¡erent lipid/peptide molar ratios: a, 1:0; E, 1:50;
F, 1:25; b, 1:10. The arrow indicates the phase transition tem-
perature.
Table 1
The values of main transition temperature, Tm, volume changes, vBV at main transition, the transition half-width, vTm, and expan-
sion coe⁄cient KM, at main transition temperature derived from experimental data presented in Fig. 8 for suspensions of unilamellar
vesicles with di¡erent DMPC/GS molar ration
DMPC/GS Tm (‡C) vTm (‡C) vBV (105Uml/g) KM (105Uml/g deg)
1:0 23.9 0.84 2720 1786
1:100 23.4 0.92 2643 1582
1:50 23.7 1.54 1846 660
1:25 23 1.62 2666 865
1:10 6 23 ^ ^
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the ability of GS to disturb the integrity of the la-
mellar phase of the lipid bilayer at higher peptide
concentrations [13].
The e¡ect of GS on lipid ordering was a matter of
debate in the literature for some time. Zidovetski et
al. [39] utilized 2H-spectroscopy to investigate the
e¡ect of GS on the hydrocarbon chain orientational
order pro¢les of chain-perdeuterated DMPC MLVs
in the gel and liquid-crystalline states. They reported
no major changes in the gel state, suggesting that GS
is excluded form the gel phase. However, above the
Tm, the peptide appeared to disorder the hydrocar-
bon chains. Recent FTIR data [11] clearly show a
partial penetration of GS into the gel phase of
DMPC. Susi et al. [40], using Raman spectroscopy,
reported that GS disordered the hydrocarbon chains
below the broadened and reduced gel to liquid-crys-
talline phase transition but had no e¡ect at temper-
atures above the phase transition. In contrast, Katsu
et al. [41], using DPH £uorescence polarization spec-
troscopy, found no e¡ect above or below the Tm,
whereas Yagi et al. [42], using the same technique,
reported a slight disordering of the liquid-crystalline
phase. In contrast, Mihailescu and Horvath [43], us-
ing ESR spectroscopy, reported the existence of
about six molecules of motionally restricted phos-
pholipids (DMPC or dimyristoylphosphatidylserine)
associated with each molecule of GS between 30^
40‡C. Our recent DSC data [10] show a destabilizing
e¡ect of GS on the gel phase of DMPC as indicated
by the concentration dependent decrease of Tm.
The results obtained in our present work demon-
strate that GS at contents up to 10 mol% increases
the adiabatic compressibility of vesicles. The mem-
brane compressibility is closely related to its ordering
and to changes in the hydration of lipid bilayer. This
has been shown previously on various planar and
spherical membrane structures of di¡erent lipid com-
positions [11,21,30]. We should, however, note, that
in our study we prepared liposomes together with
peptide, i.e., we studied exclusively the thermody-
namic behaviour of lipid bilayers with already incor-
porated peptide. Therefore, we suppose that the
changes of hydration had no signi¢cant e¡ect on
membrane thermodynamics in comparison with the
e¡ect of peptide on the structural properties of lipid
bilayer. We can therefore conclude that GS induces a
disordering both in the gel and liquid-crystalline state
of the lipid bilayer. The ability of GS to increase the
membrane compressibility and to decrease the phase
transition temperature is evidence for regions of dis-
torted membrane structure around GS molecules.
4. Summary
In this work we determined changes of the volume
and adiabatic compressibility of vesicles composed of
DMPC and containing various concentrations of GS
by using sound velocimetry and density measure-
ments. We showed a considerable in£uence of GS
on thermodynamic, volume and mechanical proper-
ties of such vesicles. We demonstrate that the peptide
progressively decreases the temperature as well as the
cooperativity of the main transition. Furthermore, an
increased concentration of GS results in an increased
volume compressibility of the vesicles. This e¡ect
suggests a contribution to the possible mechanism
of the action of gramicidin S on lipid bilayer, where-
by the peptide induces the enhancement of thermal
£uctuations in and above the region of main phase
transition by providing more freedom of movement
of phospholipid hydrocarbon chains. Changes in the
membrane compressibility and the ability of GS to
decrease the phase transition temperature indicate
regions of distorted membrane structure around the
GS molecules. In contrast to some previous studies,
we clearly demonstrate that this peptide induces a
disordering of the lipid bilayer both in the gel and
liquid-crystalline state. At relatively high GS concen-
tration (10 mol%), signi¢cantly stronger disordering
of the membrane at phase transition region was
found, which might be due to changes in the integrity
of the bilayer matrix.
Finally, we have demonstrated that the concerted
application of the techniques of density and sound
velocimetry provide useful information about the
macroscopic mechanical and thermodynamic proper-
ties of peptide model membrane systems.
Acknowledgements
This work was supported by Slovak Grant Agency
for Science VEGA (Project no. 1/5195/98), by NATO
expert visit grant (LST.EV.976633), Ministry of
BBAMEM 78035 30-1-01
R. Krivanek et al. / Biochimica et Biophysica Acta 1510 (2001) 452^463 461
Education of Slovak Republic (to T.H.) and was
supported by a grant from the Protein Engineering
Network of Centers of Excellence (to R.N.M.).
References
[1] G.F. Gause, M.G. Brazhnikova, Gramicidin S and its use in
the treatment of infected wounds, Nature 154 (1944) 703.
[2] N. Izumiya, T. Kato, H. Aoyaga, M. Waki, M. Kondo,
Synthetic Aspects of Biologically Active Cyclic Peptides:
Gramicidin S and Tyrocidines, Halsted Press, New York,
1979, pp. 1^107.
[3] L.H. Kondejewski, S.W. Farmer, D. Wishart, C.M. Kay,
R.E.W. Hancock, R.S. Hodges, Gramicidin S is active
against both Gram-positive and Gram-negative bacteria,
Int J. Pept. Protein Res. 47 (1996) 460^466.
[4] J.A. Midez, R.L. Hopfer, G. Lopez-Berestein, R.T. Mehta,
E¡ects of free and liposomal amphotericin B and gramicidin
S alone and in combination on potassium leakage from hu-
man erythrocytes and Candida albicans, Antimicrob. Agents
Chemother. 33 (1989) 152^155.
[5] H.P. Lambert, F.W. O’Grady, Antibiotics and Chemother-
apy, Churchill Livingstone, Edinburgh, 1992, pp. 232^233.
[6] T. Katsu, S. Nakao, S. Iwanaga, Mode of action of an
antimicrobial peptide, tachylpesin I, on biomembranes,
Biol. Pharm. Bull. 16 (1993) 178^181.
[7] L.H. Kondejewski, S.W. Farmer, D.S. Wishart, C.M. Kay,
R.E.W. Hancock, R.S. Hodges, Modulation of structure and
antibacterial and hemolytic activity by ring size in cyclic
gramicidin S analogs, J. Biol. Chem. 271 (1996) 25261^
25268.
[8] R.E.W. Hancock, P.G.W. Wong, Compounds which in-
crease the permeability of the Pseudomonas aeruginosa outer
membrane, Antimicrob. Agents Chemother. 26 (1984) 48^52.
[9] E.J. Prenner, R.N.A.H. Lewis, R.N. McElhaney, The inter-
action of the antimicrobial peptide gramicidin S with lipid
bilayer model and biological membranes, Biochim. Biophys.
Acta 1462 (1999) 201^221.
[10] E.J. Prenner, R.N.A.H. Lewis, L.H. Kondejewski, R.S.
Hodges, R.N. McElhaney, Di¡erential scanning calorimetric
study of the e¡ect of the antimicrobial peptide gramicidin S
on the thermotropic phase behavior of phosphatidylcholine,
phosphatidyl-ethanolamine and phosphatidylglycerol bilayer
membranes, Biochim. Biophys. Acta 1417 (1999) 211^223.
[11] R.N.A.H. Lewis, E.J. Prenner, L.H. Kondejewski, R.S.
Hodges, C.S. Flach, R. Mendelsohn, R.N. McElhaney,
Fourier transform infrared spectroscopic studies of the inter-
action of the antimicrobial peptide gramicidin S with lipid
micelles and with lipid monolayer and bilayer membranes,
Biochemistry 38 (1999) 15193^15203.
[12] E.J. Prenner, R.N.A.H. Lewis, M. Jelokhani-Niaraki, R.S.
Hodges, R.N. McElhaney, Cholesterol attenuates the inter-
action of the antimicrobial peptide gramicidin S with phos-
pholipid bilayer membranes, Biochim. Biophys. Acta (2000)
in press.
[13] E.J. Prenner, R.N.A.H. Lewis, K.C. Neuman, S.M. Gruner,
L.H. Kondejewski, R.S. Hodges, R.N. McElhaney, Nonla-
mellar phases induced by the interaction of gramicidin S
with lipid bilayers, Biochemistry 36 (1997) 7906^7916.
[14] E. Staudegger, E.J. Prenner, M. Kriechbaum, G. Degovics,
R.N.A.H. Lewis, R.N. McElhaney, K. Lohner, X-ray stud-
ies on the interaction of Gramicidin S with microbial lipid
extracts: evidence for cubic phase formation, Biochim. Bio-
phys. Acta 1468 (2000) 213^230.
[15] M. Waki, N. Izumiya, Chemical synthesis and bioactivity of
gramicidin S and related peptides, in: H. Kleinkau¡, H. van
Dohren (Eds.), Biochemistry of Peptide Antibiotics: Recent
Advances in the Biotechnology of L-lactams and Bioactive
Peptides, Walter de Gruyter, Berlin, 1990, pp. 205^240.
[16] P.R. Strom-Jensen, R.L. Magin, F. Dunn, Ultrasonic evi-
dence for structural relaxation in large unilamellar vesicles,
Biochim. Biophys. Acta 769 (1984) 179^186.
[17] T. Hianik, U. Kaatze, D.F. Sargent, R. Krivanek, S. Hal-
stenberg, W. Pieper, J. Gaburjakova, M. Gaburjakova, M.
Pooga, U. Langel, A study of the interaction of some neuro-
peptides and their analogs with lipid bilayers, Bioelectro-
chem. Bioenerg. 42 (1997) 123^132.
[18] J.F. Nagle, D.A. Wilkinson, Lecithin bilayers: density mea-
surements and molecular interactions, Biophys. J. 23 (1978)
159^175.
[19] R.C. MacDonald, R.I. MacDonald, B.P.M. Menco, K.
Takeshita, N.K. Subbarao, L.-R. Hu, Small-volume extru-
sion apparatus for preparation of large, unilamellar vesicles,
Biochim. Biophys. Acta 1061 (1991) 297^303.
[20] S. Halstenberg, T. Heimburg, T. Hianik, U. Kaatze, R. Kri-
vanek, Cholesterol-induced variations in the volume and en-
thalpy £uctuations of lipid bilayers, Biophys. J. 75 (1988)
264^271.
[21] T. Hianik, M. Haburcak, K. Lohner, E. Prenner, F. Paltauf,
A. Hermetter, Compressibility and density of lipid bilayers
composed of polyunsaturated phospholipids and cholesterol,
Colloids Surf. A 139 (1998) 189^197.
[22] T. Hianik, M. Babincova, P. Babinec, E. Prenner, F. Paltauf,
A. Hermetter, Aggregation of small unilamellar vesicles of
polyunsaturated phosphatidylcholines under the in£uence of
poluethylene glycol, Z. Phys. Chem. (Mu«nchen) 211 (1999)
133^146.
[23] T. Hianik, P. Rybar, G.M. Kostner, A. Hermetter, Molec-
ular acoustic as a new tool for the study of biophysical
properties of lipoproteins, Biophys. Chem. 67 (1997) 221^
228.
[24] T. Hianik, S. Ku«pcu«, U.B. Sleytr, P. Rybar, R. Krivanek, U.
Kaatze, Interaction of crystalline bacterial cell surface pro-
teins with lipid bilayers in vesicles, Colloids Surf. A 147
(1999) 331^339.
[25] A.P. Sarvazyan, Ultrasonic velocimetry of biological com-
pounds, Annu. Rev. Biophys. Biophys. Chem. 20 (1991)
321^342.
[26] A.P. Sarvazyan, Development of methods of precise mea-
BBAMEM 78035 30-1-01
R. Krivanek et al. / Biochimica et Biophysica Acta 1510 (2001) 452^463462
surements in small volumes of liquids, Ultrasonics 20 (1982)
151^154.
[27] A.P. Sarvazyan, T.V. Chalikian, Theoretical analysis of an
ultrasonic interferometer for precise measurements at high
pressures, Ultrasonics 29 (1991) 119^124.
[28] J. Stuehr, E. Yeager, The propagation of ultrasonic waves in
electrolytic solutions, in: W.P. Mason (Ed.), Physical Acous-
tics. Principles and Methods, vol. II Part A, Properties of
Gases, Liquids, and Solutions, Academic Press, New York/
London, 1965, pp. 351^462.
[29] O. Kratky, H. Leopold, H. Stabinger, The determination of
the partial speci¢c volume of proteins by the mechanical
oscillator technique, in: E. Grell (Ed.), Methods in Enzymol-
ogy, vol. 27, Academic Press, London, 1973, pp. 98^110.
[30] T. Hianik, V.I. Passechnik, Bilayer Lipid Membranes: Struc-
ture and Mechanical Properties, Kluwer Academic, Dor-
drecht/Boston/London, 1995.
[31] S. Mitaku, A. Ikegami, A. Sakanishi, Ultrasonic studies of
lipid bilayer. Phase transitions in synthetic phosphatidylcho-
line vesicles, Biophys. Chem. 8 (1978) 295^304.
[32] D.P. Kharakoz, A. Colloto, K. Lohner, P. Laggner, Fluid^
gel interphase line tension and density £uctuations in dipal-
mitoylphosphatidylcholine multilamellar vesicles. An ultra-
sonic study, J. Phys. Chem. 97 (1993) 9844^9851.
[33] W. Schaa¡s, Molekularakustik, Springer, Berlin, 1963.
[34] W.W. van Osdol, M.L. Johnson, Q. Ye, R.L. Biltonen, Re-
laxation dynamics of the gel to liquid crystalline transition of
phosphatidylcholine bilayers: e¡ects of chain length and
vesicles size, Biophys. J. 59 (1991) 775^785.
[35] V.M. Maynard, R.L. Magin, F. Dunn, Ultrasonic absorp-
tion and permeability for liposomes near phase transition,
Chem. Phys. Lipids 37 (1985) 1^12.
[36] T.L. Hill, An Introduction to Statistical Thermodynamics,
Dover, New York, 1960.
[37] D. Papahadjoupolos, M. Moscarello, E.H. Eylar, T. Issac,
E¡ects of proteins on thermotropic phase transitions of
phospholipid membranes, Biochim. Biophys. Acta 401
(1975) 317^335.
[38] R.N. McElhaney, Di¡erential scanning calorimetric studies
on lipid^protein interactions in model membrane systems,
Biochim. Biophys. Acta 864 (1986) 361^421.
[39] R. Zidovetzki, U. Banerjee, D.W. Harrington, S.I. Chan,
NMR studies of the interactions of polymyxin B, gramicidin
S and valinomycin with dimyristoyllecithin bilayers, Bio-
chemistry 27 (1988) 5686^5692.
[40] H. Susi, J. Sampugna, J.W. Hampson, J.S. Ard, Laser-Ram-
an investigations of phospholipid^polypeptide interactions
with model membranes, Biochemistry 18 (1979) 297^301.
[41] T. Katsu, H. Kobayashi, Y. Fujita, Mode of action of gram-
icidin S on Escherichia coli membranes, Biochim. Biophys.
Acta 860 (1986) 608^619.
[42] Y. Yagi, S. Kimura, Y. Imanishi, Interaction of gramicidin S
analogs with lipid bilayer membranes, Int. J. Pept. Protein.
Res. 36 (1990) 18^25.
[43] D. Mihailescu, L.I. Horvath, Molecular dynamics of lipid
association at the hydrophobic interface of gramicidin S,
Eur. Biophys. J. 28 (1998) 216^221.
BBAMEM 78035 30-1-01
R. Krivanek et al. / Biochimica et Biophysica Acta 1510 (2001) 452^463 463
